We recently demonstrated that dispersioncorrecting potentials (DCPs), which are atom-centered Gaussian-type functions that were developed for use with B3LYP (Torres and DiLabio in J Phys Chem Lett 3:1738-1744, 2012), greatly improved the ability of the underlying functional to predict non-covalent interactions. However, the recent application of the B3LYP-DCP approach to study the b-scission of the cumyloxyl radical led to a calculated barrier height that was over-estimated by ca. 8 kcal/mol. We demonstrate in the present work that the source of this error arises from the previously developed carbon atom DCPs, which erroneously alters the electron density in the C-C covalent-bonding region. In this work, we developed a new C-DCP with a form that was expected to less strongly influence the electron density in the covalent bonding region. Tests of the new C-DCP, in conjunction with previously published H-, N-, and O-DCPs, with B3LYP-DCP/6-31?G(2d,2p) on the S66, S22B, HSG-A, and HC12 databases of non-covalently interacting dimers showed that it is one of the most accurate methods available for treating intermolecular interactions, giving mean absolute errors (MAEs) of 0.19, 0.27, 0.16, and 0.18 kcal/mol, respectively. Additional testing on the S12L database of very large complexation systems gave an MAE of 2.6 kcal/mol, demonstrating that the B3LYP-DCP/6-31?G(2d,2p) approach to be one of the best-performing and most feasible methods for treating large systems containing significant non-covalent interactions. Finally, we showed that the modeling of C-C-making/C-C-breaking chemistry is well predicted using the newly developed DCPs. In addition to predicting a barrier height for the b-scission of the cumyloxyl radical, that is, within 1.7 kcal/mol of the high-level value, application of B3LYP-DCP/6-31?G(2d,2p) to 10 databases that include reaction barrier heights and energies, isomerization energies, and relative conformation energies gives performance that is among the best of all available dispersion-corrected density-functional theory approaches.
these forces are difficult to accurately reproduce using most electronic structure simulation techniques. One exception to this is complete basis set extrapolated coupled cluster with single and double excitations, with the non-iterative inclusion of corrections for triple excitations, i.e., CCSD(T)/CBS. This high-level correlated quantum mechanical wave function technique has been proven to be capable of describing non-covalent interactions with great accuracy. However, this method has limited applicability because it requires significant computational time and resources to treat even the smallest systems.
On the other hand, computational methods based on approximations to density-functional theory (DFT) have the potential to provide computationally efficient approaches to modeling systems in which non-covalent interactions play a central role. A critical deficiency of conventional DFT approximations is their well-known inability to accurately and reliably model non-covalent (especially dispersion) interactions. Several general approaches to improving the ability of DFT-based methods to describe non-covalent interactions have been developed. For example, early efforts focussed on the use of empirical, pair-wise dispersion parameters in conjunction with density functionals [3, 4] , an approach that has been popularized largely thanks to the work of Grimme's group [5] [6] [7] . A very accurate approach to this was developed by Becke and Johnson, whose method calculates dispersion coefficients from the dipole moment of the exchange hole [8] [9] [10] . Recently, Tkachenko and Scheffler developed a parameterfree approach to obtain van der Waals parameters [11] that can be used to provide accurate non-covalent binding energies [12] . The common thread that associates these approaches is that they correct the DFT-predicted energy, not the underlying electronic structure predicted by the methods themselves. On the other hand, Zhao and Truhlar have developed several suites of ''Minnesota'' functionals that are capable of modeling a wide range of non-covalent interactions [13, 14] .
Our own solution to the DFT ''dispersion problem'' utilizes dispersion-correcting potentials (DCPs), which improve the long-range behavior of the functional for which they were developed [15] [16] [17] [18] [19] . The DCP approach is similar in spirit to a plane wave-based technique introduced by von Lilienfeld and co-workers [20] [21] [22] . DCPs are atomcentered Gaussian-type functions, similar in structure to those used in effective core potentials [23] that correct the potential in which the electrons move. The main design principle behind DCP development is to adjust the erroneous long-range electron density predicted by a particular DFT-based method in non-covalently bonded systems such that non-covalent interactions are accurately reproduced. This is achieved by optimizing the exponents and coefficients of a set of Gaussian functions to reproduce the binding energies (BEs) associated with the potential energy surfaces (PESs) of fitting sets composed of non-covalently interacting dimers.
We recently demonstrated that the DCP approach can be combined with the popular B3LYP [24, 25] functional and 6-31?G(2d,2p) basis sets to allow for the very accurate prediction structures and BEs for a wide variety of noncovalently interacting dimer systems containing the H, C, N, and O atoms [19] . Although the focus of that work was strictly on intermolecular binding, our broader interests lay in modeling chemical systems. Recent applications of the B3LYP-DCP approach guided the development of our understanding of how hydrogen bonding influences the mechanism and kinetics of hydrogen atom transfer reactions between oxygen-centered radicals and various C-, H-, N-, and O-containing substrates by predicting rate constants that are in very good agreement with those measured by laser flash photolysis [26] [27] [28] . However, over the course of studying the C-C bond-breaking process that occurs in the unimolecular b-scission reactions of the cumyloxyl (C 6 H 5 C(CH 3 ) 2 O Á ) radical, we found that B3LYP-DCP/6-31?G(2d,2p) predicted barrier height of ca. 20.8 kcal/mol (vide infra), which is roughly 8 kcal/mol too high. This implied that the DCPs associated with the carbon atoms (C-DCPs) were over-stabilizing the radical as compared to the transition state structure. In other words, the C-DCPs were not simply influencing the potential at large distance from the nuclei (that is, at van der Waals distances), but also strongly influencing the potential on length scales commensurate with those of covalent bond lengths.
An examination of the form of the DCPs we reported in Ref. [19] revealed the source of the discrepancy arising from the comparison of the very good results we obtained for hydrogen atom transfer reactions in C-, H-, N-, and O-containing species along with the BEs for non-covalently bound dimers, against the poor results we observed for C-C b-scission: The C-DCPs contain some Gaussian functions that have coefficients that are an order of magnitude larger than those of the functions in the DCPs of other atoms. This led us to hypothesize that these larger coefficients result in significant influence of these Gaussian functions in the ''covalent'' region, thus affecting carbon-carbon bonds and thereby leading to the erroneously high b-scission barrier height. Since covalent properties were not incorporated into the fitting of DCPs, this shortcoming of the C-DCPs initially escaped our attention.
In this work, we test the hypothesis that DCPs that are effective for describing the binding in non-covalently interacting dimer systems and C-C bond chemistry should be composed of Gaussian-type functions with coefficients that are a factor of 5-10 smaller than those associated with the C-DCPs published in Ref. [19] (that is, closer to the coefficients in association with the DCPs produced for other atoms). In order to have the same influence in the van der Waals region, the exponent associated with these Gaussian-type functions will decrease (i.e., the functions will decay more slowly), thereby leading to a lower overall influence in the covalent region when combined with the smaller coefficients, vide infra. Rather than incorporating C-C reaction data into the DCP optimization process to mitigate errors in C-C reaction chemistry, we generate new carbon DCPs by simply guiding their optimization toward smaller coefficients. It will be shown that the new C-DCPs so generated remain capable of predicting accurate binding energies in non-covalently interacting dimer systems while being well behaved for carbon-carbon reaction chemistries and generally improve the performance of the B3LYP functional in the prediction of properties of a large set of covalently and non-covalently bound systems, as embodied in a number of commonly available benchmarks.
2 Theoretical background and computational approaches
As described above, DCPs are atom-centered potentials (U(r)) composed of Gaussian-type functions that have the same form and are utilized in the same way as effective core potentials [23] , viz.:
In Eq. (1), l is the angular moment, N l is the number of Gaussian functions, n li is the power of r (set to 2 throughout this work), c li is the coefficient of the Gaussian, and n li is its exponent. The goal of previous DCP optimization efforts was to improve the geometries and BEs of non-covalently bonded dimer [19] and n-mer systems [29] . In the present work, we keep in mind this goal but develop carbon DCPs composed of Gaussian functions having coefficients that have magnitudes lower than ca. 0.005. In this way, we expect to be able to produce C-DCPs that can provide an accurate means of modeling non-covalent binding while not negatively impacting the properties of carbon-containing species in the covalent region.
The DCPs presented in this work were developed by optimizing n li and c li values (Eq. 1) for carbon. We started with the C-DCP that was developed for use without corrections for basis set incompleteness by the counterpoise (CP) approach [30] as reported in Ref. [19] . This initial DCP was modified so that the functions having coefficients with magnitudes larger than 0.01 were reduced by a factor of ten. 1 The optimizations were performed through the minimization of the error in the predicted BEs along onedimensional potential energy surfaces for slipped-parallel and T-shaped benzene dimers, the ethane dimer, and the D 3h and C 3v conformations of the methane dimer. The fitting set is slightly more compact and therefore more efficient, than that used in Ref. [19] . The use of fitting data that span a range of conformer geometries that include a path to dimer dissociation ensures that dissociation behavior (i.e., long-range behavior) is adequately reproduced. All fitting data are of CCSD(T)/CBS quality. The fitting data for the benzene dimers were from Ref. [31] , were kindly provided to us by Professor C. David Sherrill, and are given in the Electronic Supplementary Material (ESM) section. We also list the PES data for the ethane dimer in the ESM, and these data were obtained by varying the distance between rigid, B3LYP/6-31G(d)-optimized monomers, and computing the reference binding energies by performing CCSD(T)/CBS calculations according to an approach we used elsewhere [32] . 2 The data for the methane dimers were provided in the Supporting Information Section of Ref. [29] . DCPs are also required for the hydrogen atom: In the present work, we used the H-DCPs given in Ref. [19] without alteration or further optimization.
In order to generate the DCPs, we performed a stochastic search in the parameter space defined by the n li and c li values associated with the carbon DCP functions so as to minimize the mean absolute error (MAE) of the calculated binding energies of the fitting set according to Eq. 2:
Here, N accounts for the number points associated with each of the PESs in the fitting set, M is the number of PESs, and BE Ref and BE DCP represent the binding energies calculated using the high-level approach and DCPs, respectively. To avoid getting trapped in local minima associated with the DCP parameters, the error was allowed to increase a small amount for up to three consecutive steps; otherwise, the optimization was restarted with slightly modified DCP parameters.
The DCP optimizations were performed using internally developed scripts that handled job submissions and data 1 In addition to this change to the initial carbon DCP, we also consolidated two f-type Gaussian functions that have exponents that were very close to each other. This measure was taken to eliminate a small redundancy that was present in the original DCP and was not strictly necessary for the goals of the present work. 2 The particular CCSD(T)/CBS approach we used modifies the CCSD(T)/aug-cc-pVDZ energy with a correction term obtained by taking the difference between extrapolated MP2/aug-cc-pV(Q-T)Z and MP2/aug-cc-pVDZ energies. All binding energies are obtained by taking the average of binding energies calculated with and without counterpoise corrections.
processing. Gaussian-09 [33] was used to compute DFT energies in all cases. Because DCPs resemble effective core potentials, they can be used directly by the Gaussian package (and other computational chemistry programs) through a simple modification of input files. A utility program for generating Gaussian and NWChem input files with DCPs is available on our Web site 3 and a sample input file is provided in the ESM. We emphasize that the DCPs were optimized for use with B3LYP/6-31?G(2d,2p) without correction for basis set incompleteness. The same results will not be achieved using other basis sets or, for example, using CP corrections. Reference [19] provides more detail on the performance of the B3LYP-DCP approach with other basis sets. Likewise, the DCPs cannot be transferred to other functionals while maintaining the same degree of performance.
Throughout this work, the presently optimized C-DCPs were employed with previously developed H-, N-, and O-DCPs [19] to assess the performance of B3LYP-DCP/6-31?G(2d,2p) approach against several benchmarks of noncovalently bonded dimers. These benchmark sets include the S66 [34] and S22B [35, 36] sets of Hobza's group, 4 and the HSG-A set of Marshall et al. [36] , all of which provide representations of interactions that have relevance in biological systems. In addition, we tested the C-DCPs on the benchmark set of twelve dimers of saturated and unsaturated hydrocarbon molecules discussed by Granatier et al.
(hereafter HC12) [37] . We also applied the DCPs to the benchmark set of 12 supramolecular complexes (S12L) recently described by Grimme [38] .
To assess the performance of the DCPs on C-C reaction chemistry specifically, and intramolecular interactions in general, we applied them to the subsets of systems containing the H, C, N, and O atoms within sub-databases of the very extensive GMTKN30 database recently presented by Goerigk and Grimme [39, 40] .
The Gaussian-03 [41] and Gaussian-09 [33] packages were used for all of the calculations. Default integration grids were used throughout and the 6-31?G(2d,2p) basis sets employed pure (i.e., five primitive) d-type functions.
Results and discussion

Optimization of carbon dispersion-correcting potentials
The C-DCPs optimized for use with B3LYP/6-31?G(2d,2p) without corrections for basis set incompleteness are provided in Table 1 . The optimization procedure was relatively straightforward. The errors calculating by Eq. 2 for the starting DCP was greater than 1.5 kcal/mol but decreased to acceptable values in short order. This suggests to us that the parameter space defined by the exponents and coefficients of the Gaussian functions comprising the DCPs have multiple minima corresponding to DCP parameters capable of good descriptions of non-covalent interactions. The DCP in Table 1 has exponents that range between ca. 0.02 and 0.13 and coefficients with absolute values that are lower than 0.0032. For comparison, the optimized Gaussian functions of the C-DCPs reported in Ref. [19] have exponents ranging from ca. 0.01 to 0.20 and coefficients with absolute values over a range of 0.00002-0.057. Figure ESM2 provided in the ESM shows plots of the present and previous versions of the C-DCP and illustrates the fact that the present C-DCP produces a much weaker potential in the covalent regions as compared with that of Ref. [19] .
In Table 1 , the lower exponent functions help to reproduce the correct 1/r 6 behavior, as illustrated in Fig. 1 for the PES of stacked benzene dimer. We hypothesize that the lower coefficients associated with the DCPs presented in Table 1 are expected to lessen the negative impact of the DCPs on the covalent region of C-C bonds as compared to the C-DCPs of Ref. [19] .
Application of dispersion-correcting potentials to the b-scission of cumyloxyl
To further explore how the C-DCP impacts the covalent region of C-C bonds, we computed the barrier heights associated with the b-scission of the cumyloxyl radical [42] , 5 the process for which is illustrated in Fig. 2 . 
Additional formatting is required in order to use this DCPs in computational chemistry programs, see the ESM 3 www.ualberta.ca/*gdilabio. 4 These and other databases of non-covalently interacting systems are presented in full detail at www.bedgb.com. 5 The beta-scission of the cumyloxyl radical is the main pathway for its decay in N 2 -saturated acetonitrile solution. The process results in the release of a methyl (H 3 C Á ) radical and the formation of benzaldehyde with a rate constant on the order of 7 9 10 5 /s.
We calculated the geometries of the cumyloxyl radical and its associated b-scission transition state (TS) at the B3LYP/6-31?G(2d,2p) level of theory. The minimum energy structure had all positive frequencies while the TS structure had associated with it a single imaginary mode that represented the C-C bond-breaking process that connected the cumyloxyl radical to the benzaldehyde and methyl radical products. Figure 2 shows some key distances associated with the two structures. We then performed single-point calculations using the CBS-QB3 composite approach [43] , which is capable of predicting fairly accurate barrier heights. This procedure provided our benchmark, electronic energy barrier height of 13.1 kcal/ mol. Using unadorned B3LYP/6-31?G(2d,2p), we obtain a barrier height of 11.7 kcal/mol, which is 1.4 kcal/mol too low. This value remains unchanged when pair-wise correction schemes for dispersion are employed because the bond changes involved in TS structure formation are below the cutoff distances usually employed in such schemes. On the other hand, the DCPs published in Ref. [19] , as mentioned above, give a barrier height of 20.8 kcal/mol, which is 7.7 kcal/mol too high. Utilizing the carbon DCP given in Table 1 , along with the H-and O-DCP of Ref. [19] , gives a barrier height of 14.8 kcal/mol, which is too high by only 1.7 kcal/mol. We reiterate that this latter result was achieved by simply guiding the C-DCP optimization toward smaller magnitude coefficients for Gaussian-type functions as described above and not by inclusion of the cumyloxyl radical and its b-scission transition state in the optimization process.
On the basis of the results for the b-scission barrier height, it is clear that our hypothesis that the C-DCPs from Ref. [19] over-stabilize the cumyloxyl radical relative to the b-scission transition state compared to both unadorned B3LYP and to CBS-QB3 is correct. The C-DCPs optimized in this work do appear to offer some preferential stabilization of the transition state, but to an extent that the predicted barrier height has an error that is on par with that given by B3LYP without DCPs.
We further explored the issue of over-binding of covalent bonds by computing a few representative X-Y (X,Y = C, N, O) bond dissociation enthalpies using unadorned B3LYP, the DCPs from Ref. [19] , and the C-DCP from this work, all with 6-31?G(2d,2p) basis sets. The results are presented in Table 2 , along with experimental data as tabulated in Ref. [44] . As can be seen, unadorned B3LYP tends to predict BDEs that are too low by 4.2-7.8 kcal/mol, relative to the experimental values. The C-DCP of Ref. [19] increases the C-C BDE of ethane by more than 16 kcal/mol, consistent with the notion that this DCP tends to strongly over-bind in the covalent region. The revised C-DCP of this work gives a BDE that is overbound by 6 kcal/mol with respect to unadorned B3LYP but to good effect, giving a BDE that is within 1.4 kcal/mol of the experimental value. This is consistent with the slight over-binding that we found for the cumyloxyl system. The over-binding predicted using the DCPs of Ref. [19] for the N-C BDE in methylamine (8.5 kcal/mol) and the O-C BDE in methanol (5.9 kcal/mol) is less pronounced than in the case of the C-C BDE in ethane, relative to unadorned B3LYP, as is that predicted using the C-DCP of this work.
Interestingly, the N-DCP of Ref. [19] has very little impact on the N-N BDE of hydrazine, but the O-DCP results in an underestimation of the O-O BDE in hydrogen peroxide of 5 kcal/mol relative to B3LYP and more than 9 kcal/mol relative to experiment. This indicates that the O-DCP of Ref. [19] could benefit from some additional Table 1 and the H-DCPs of Ref. [19] . The CCSD(T) reference data are from Ref. [36] tuning, although the structure of the O-DCP suggests that its problems may not have the same origin as that associated with the C-DCPs. In any case, the reasonable performance for the O-C BDE in ethanol suggests that the negative impacts of the O-DCP will be limited to a relatively small group of molecules, viz., peroxides and their O-O BDEs.
Application of dispersion-correcting potentials to intermolecular non-covalently interacting systems
In Tables 3, 4 , 5, and 6, we illustrate the performance of the C-DCPs of the present work, along with the H-, N-, and O-DCPs taken from Ref. [19] , with respect to the treatment of non-covalently bound (nominally) dimer systems. Table 3 lists the high-level BEs of the S66 set along with the signed errors of the calculated BEs using the B3LYP-DCP/6-31?G(2d,2p) approach and shows that the DCPs perform quite well. In general, the DCPs give a slight overbinding (mean signed error, MSE = 0.09 kcal/mol) of the H-bonded dimers and an MSE of 0 for the dispersion bound dimers. The dimers in the set that is characterized as interacting via mixed forces have an MSE = ?0.02 kcal/ mol. Overall, the performance of the B3LYP-DCP/6-31?G(2d,2p) on the S66 set is excellent, with an MAE of 0.19 kcal/mol. This MAE can be compared to the value of 0.14 kcal/mol for the DCPs of Ref. [19] . Approximately half of the 0.05 kcal/mol difference in MAE for the S66 set arises from the use of updated reference BEs for the hydrogen-bonded set of dimers, see Ref. [45] . Additional comparisons can be made to other dispersion-corrected B3LYP approaches. For example, the B3LYP-D3/def2-QZVP approach [7] developed by Grimme et al. gives an MAE of 0.40 kcal/mol when the D3 approach is used in conjunction with their damping function [46] , and this MAE drops to 0.28 kcal/mol when the damping function of Becke and Johnson [8] [9] [10] is utilized. We note that better performance for the S66 set is achieved using other functionals in conjunction with D3 corrections, see Ref. [46] .
The DCPs perform in a similar fashion on the S22B set of dimers, which, to some extent, is a subset of the dimers in the S66 set. As such, we relegate the detailed data to the ESM and report herein overall performance statistics. The present DCPs give an MAE for the S22B set of 0.27 kcal/ mol, an increase of 0.04 kcal/mol over the performance of the DCPs in Ref. [19] . Despite the increase in MAE, the B3LYP-DCP approach nevertheless performs better than B3LYP-D3/def2-QZVP for this set, for which an MAE of 0.36 kcal/mol is obtained [40] . For the interested reader, Ref. [19] contains comparisons to other dispersion-corrected DFT-based methods.
Additional performance assessments of B3LYP-DCP/6-31?G(2d,2p) were made by applying the method to the HSG-A benchmark set. This set of non-covalently bound dimers and trimers is composed of 21 neutral and charged fragments obtained from the HIV-II protease crystal structure having a bound inhibitor molecule, indinavir. To some extent, this set is a more stringent test of dispersioncorrected DFT-based methods because the presence of charges introduces strong polarization effects. High-level binding energies were reported by Faver et al. [47] and recently refined by Marshall et al. [48] . For our calculations, we used structures graciously provided to us by Professor David Sherrill.
As can be seen in Table 4 , the B3LYP-DCP/6-31?G(2d,2p) approach performs well for the HSG-A set and, in fact, shows a small improvement over the performance of the DCPs in Ref. [19] . The largest error in the BEs predicted for the acetate ion-water-acetic acid trimer is 1.16 kcal/mol, which represents an error of 6.2 %. Despite this error, we obtain an MAE for the HSG-A set of 0.16 kcal/mol. Burns et al. [48] performed an extensive review of dispersion-enabled DFT-based methods used with aug-ccpVTZ basis sets and they reported the following MAEs, in kcal/mol: B3LYP-XDM = 0.14, B3LYP-D3 = 0.48, M06-2X = 0.47, and xB97X-D = 0.32. Next, we consider the ''HC12'' set recently described by Granatier [37] . This set contains dimers of saturated linear and cyclic hydrocarbon species and unsaturated linear and cyclic hydrocarbons. The B3LYP-DCP/6-31?G(2d,2p) results presented in Table 5 demonstrate fairly good performance for this set of dimers, giving an MAE of 0.18 kcal/mol, which corresponds to a mean absolute percent error of 6.1. Granatier et al. reported BEs for a number of dispersion-corrected DFT-based methods but these did not include the B3LYP functional. The best ''D3'' method reported in Ref. [37] was TPSS-D3/def2-QZVP, which gave a very low MAE of 0.14 kcal/mol, while BLYP-D3/ def2-QZVP produced an MAE of 0.56 kcal/mol. M06-2X/ aug-cc-pVTZ displays very good performance for the HC12 set, as evidenced by an MAE of 0.15 kcal/mol.
Finally, we consider the S12L non-covalent database of Grimme [38] . Grimme performed careful calculations on this set of experimentally studied systems in order to assess the contributions to the measured free-energies of binding of solvent and molecular vibrations to ultimately arrive at BEs. The set includes two ''tweezer'' complexes with tetracyanoquinone (TCNQ) and 1,4-dicyanobenzene (complexes 2a and 2b), two ''pincer'' species complexed with heteroatom-substitute p-delocalized molecules (complexes 3a and 3b), a ''buckycatcher'' species complexed with C 60 and C 70 fullerenes (complexes 4a and 4b), an amide macrocycle coupled with benzoquinone and glycine anhydride (complexes 5a and 5b), complexes of cucurbit [6] uril cation with butylammonium and propylammonium (complexes 6a and 6b), and finally complexes of cucurbit [7] uril bis(trimethylammoniomethyl) ferrocene and with neutral 1-hydroxyadamantane (complexes 7a and 7b). The reader is directed to Ref. [38] for additional details of the complexes, including diagrams of the structures. There are two cases where the complexes contain atoms for which we do not yet have DCPs, that is, complex 3b (chlorine) and Table 4 Signed errors in binding energies (SE) calculated for the non-covalently bonded systems of the HSG-A set using B3LYP/6-31?G(2d,2p) with dispersion-correcting potentials without (non-CP) counterpoise corrections Acetate ion-water-N-methylacetamide wat200 9.538 -0.09
Mean absolute/signed error 0.16/-0.08 Mean absolute/signed % error 3.7/-6.0
Statistics associated with the performance of the methods are also provided. All values except percent are in kcal/mol a Taken from Ref. [48] b Defined as BE(DCP) -BE(reference) c Protonated N-methylguanidine d 2-Formylaminoacetamide complex 7a (iron). For these two cases, we simply apply DCPs to all of the C, H, N, and O atoms and leave the Cl and Fe atoms unadorned. Our expectations are that the omission of DCPs for these centers will have little or no impact on the overall binding energies we calculate, in particular for the complex 7a, where the iron is buried inside of the ferrocenyl moiety. The results for the S12L benchmark set are presented in Table 6 . In general, the errors between the B3LYP-DCP calculated values and the accepted BEs are larger than those associated with other benchmark sets representing non-covalent interactions in dimer systems. The larger discrepancies can be expected on the basis that approximate methods, in particular a continuum solvent model, were used to back-correct experimentally measured binding free-energies to obtain the benchmark gas-phase BEs. Nevertheless, the MAE of 2.6 kcal/mol produced by our DCP approach is very good, in particular when compared to other dispersion-corrected DFT-based methods [50] . Although B3LYP-based methods were not explored in Ref. [50] , they did report on a number of other dispersion-corrected methods: The best-performing approach was one dubbed PBE-D2/QZVP 0 ?E ABC . This approach, which gives an MAE of 1.5 kcal/mol, uses older generation pairwise dispersion coefficients along with the PBE [49] functional with quadruple-zeta basis sets and corrections for three-body terms. Of the approaches examined in Ref. [50] that are practical in terms of computing time (''workable'' in the words of those authors), PBE-D2 achieved an MAE of 1.6 kcal/mol when used with triplezeta basis sets and CP corrections, while the best-performing D3-based approach was found to be PBE-D3/ TZVP with CP corrections, which gave an MAE of 2.3 kcal/mol. For comparison, the M06-2X/TZVP approach with CP corrections gave an MAE of 3.3 kcal/ mol.
We summarize this section by reiterating that the carbon atom DCP developed in this work, when used in conjunction with H-, N-, and O-DCPs provided in Ref. [19] , and B3LYP/6-31?G(2d,2p) is a computationally efficient and accurate method for calculating the binding energies of non-covalently interacting dimer systems. We demonstrated that the performance of this approach is among the best of available dispersion-corrected DFT-based methods. Mean absolute/signed % error 7.9/3.7
Statistics associated with the performance of the methods are also provided. All values except percent are in kcal/mol a See text and Ref. [38] for additional details related to the nature of the complexes b Taken from Ref. [50] 3.4 Application of dispersion-correcting potentials to a subset of a general database of thermochemistry, kinetics, and non-covalent interactions
As a final assessment of the B3LYP-DCP/6-31?G(2d,2p) approach, we apply it to a subset of the extensive ''GMTKN30'' database recently compiled by Goerigk and Grimme [40] . For brevity, we describe the database as consisting of sub-databases taken from various literature sources that contain high-level calculated or experimental data for a variety of thermochemical properties, reaction energies and barrier heights, and intra-and intermolecular non-covalent interactions. The interested reader is referred to Ref. [40] for a brief description of each sub-database. The GMTKN30 database is meant to provide a means for evaluating general methodologies, rather than exclusively dispersion-corrected DFT-based methods. It therefore contains databases that allow for the testing of the ability of methods on a number of different performance metrics. For the present work, we are particularly interested in inter-and intramolecular interactions as they impact non-covalent interactions and reaction chemistry. We therefore selected a subset of 10 pertinent databases from the GMTKN30 database to test the B3LYP-DCP approach for their ability to predict properties based on these interactions. We performed calculations using the following sub-databases: BHPERI (barrier heights for pericyclic reactions) [51] [52] [53] [54] , DARC (Diels-Alder reaction energies) [55] , BSR36 (bond separation energies of saturated hydrocarbons) [56] , ISO34 (isomerization energies of small-and medium-sized organic molecules) [57] , ISOL22 (isomerization energies of large organic molecules) [58] , PCONF (relative energies of phenylalanyl-glycyl-gycine tripeptide conformers) [59] , ACONF (relative energies of alkane conformers) [60] , SCONF (relative energies of sugar conformers) [39, 61] , IDISP (intramolecular dispersion interactions) [39, 40] , and ADIM6 (interactions of nalkane dimers) [7] . A summary of the performance of B3LYP/6-31?G(2d,2p) without DCPs, with the DCPs of Ref. [19] , and those developed in this work are given in Table 7 in the form of mean absolute errors relative to the reference data in each of the sub-databases. For comparison, we also present the results of calculations using B3LYP-D3/6-31?G(2d,2p). The explicit data for each of the relevant entries are provided in the ESM. The data presented in Table 7 and the ESM do not include data for species that contain elements other than H, C, N, and O atoms.
The data in Table 7 show that unadorned B3LYP/6-31?G(2d,2p) predicts fairly large MAEs for the 10 subdatabases. Particularly, large MAEs are found for the ISOL22 and IDSIP databases. This is not surprising in light of the fact that the reference systems in these sub-databases are largely dominated by dispersion interactions, which B3LYP cannot model properly. The Diels-Alder subdatabase barrier heights, DARC, are also poorly treated by unadorned B3LYP, suggesting that the interactions that occur at the transition states are, at least in part, influenced by non-covalent interactions.
The inclusion of dispersion corrections via the DCPs of Ref. [19] offers improvement to most, but not all, of the sub-databases. The MAEs for ISO34, DARC, and SCONF increase with the use of the C-DCPs of Ref. [19] , while that for BHPERI is only very slightly reduced. Large reductions in MAEs are seen for the remaining databases. These observations broaden the scope of systems that are poorly modeled with the C-DCPs of Ref. [19] and support our conclusion that they adversely affect the predicted energies associated with C-C bond-making/bond-breaking chemistry.
On the other hand, the C-DCPs developed in this work, used in conjunction with the H-, N-, and O-DCPs presented The performance of the B3LYP-DCP approach of this work and that of the B3LYP-D3/6-31?G(2d,2p) can be compared, with the proviso that the D3 approach was developed for use with def2-QZVP basis sets. Table 7 shows that B3LYP-D3 performs better, on average, for the BHPERI, DARC, PCONF, and SCONF sub-databases, while the B3LYP-DCP performs better on the remaining six sub-databases. Although the B3LYP-DCP approach was parameterized using a very small number of noncovalently interacting dimer systems, 6 its excellent performance suggests that it is capturing a very broad range of intra-and intermolecular interactions. Additionally, whereas the D3 approach fitted parameters using the S22, PCONF, SCONF, ACONF, CCONF, ADIM6, and other databases, it seems reasonable that general DCP performance can be improved further by broadening the fitting set to include constituents of the GMTKN30 database.
Summary and conclusions
Dispersion-correcting potentials (DCPs) have been shown to be a very good approach for correcting the long-range behavior of density functionals for which they are designed, thereby greatly improving the ability of DFTbased methods to describe non-covalent intermolecular interactions. We recently developed a new set of DCPs for use with B3LYP that together provide very accurate predictions of geometries and binding energies (BEs) of noncovalently bonded dimers [19] . However, the recent application of our B3LYP-DCP approach to study the b-scission of the cumyloxyl radical led to a calculated barrier height that was over-estimated by ca. 8 kcal/mol. We hypothesized that the form of the previously developed carbon atom DCPs described in Ref. [19] was such that it has the unintended effect of erroneously altering the electron density in the covalent-bonding region, resulting in the over-estimation of the barrier for the C-C bond-breaking process.
In the present work, we developed a new C-DCP with a form that was expected to less strongly influence the electron density in the covalent region. Tests of the new C-DCP, in conjunction with previously published H-, N-, and O-DCPs [19] , with B3LYP-DCP/6-31?G(2d,2p) on the S66, S22B, HSG-A, and HC12 databases of noncovalently interacting dimers showed that it is one of the most accurate methods available for treating intermolecular interactions: The B3LYP-DCP approach gave mean absolute errors (MAEs) of 0.19, 0.27, 0.16, and 0.18 kcal/mol, respectively, for these four databases. Additional testing on the S12L database of very large complexation systems gave an MAE of 2.6 kcal/mol, demonstrating that the B3LYP-DCP/6-31?G(2d,2p) approach is one of the best-performing and most feasible methods for treating large systems dominated by noncovalent interactions.
Finally, we showed that the modeling of C-C bondmaking/bond-breaking chemistry is well predicted using the newly developed DCPs. We applied B3LYP-DCP/6-31?G(2d,2p) to 10 databases that include reaction barrier heights and energies, isomerization energies, and relative conformation energies. We found our approach to perform very well on these systems, giving results that are amongst the best of all available dispersion-corrected density-functional theory approaches. Furthermore, the new C-DCPs provide a more reasonable prediction of the barrier height for b-scission of the cumyloxyl radical and improve results for bond dissociation energies of the C-C bond in ethane and the C-N bond in methylamine.
Our findings demonstrate a number of important aspects of DPCs: (1) The parameter space defined by the Gaussiantype function exponents and coefficients of the DCPs has multiple minima capable of allowing for a good description of intermolecular interactions. (2) DCPs composed of functions with coefficients of small magnitude are capable of simultaneously providing a good description of interand intramolecular interactions. (3) Expansion of the relatively small fitting set used to derive DCPs to include other properties, such as reaction energies, is likely to be an effective means of further improving the performance of a density functional in terms of accurate prediction of molecular properties, including reaction energetics and inter/intramolecular interactions. Our future efforts will focus on these aspects of DCP development.
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